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ABSTRACT 

The deposition of copper by means of atomic layer epitaxy is reported. Using Cu(II)-2,2,6,6-tetramethyl-3,5-hep- 
tanedionate as the precursor, pure and specular copper films were deposited at deposition temperatures below 200°C. This 
is more than 150°C lower than in previous reports for the same precursor where chemical vapor deposition has been 
employed. The process was self-limited in the temperature range 190 to 260°C. Area-selective deposition was achieved on 
platinum seeded substrates vs. unseeded glass slides or oxidized metal surfaces in the temperature range 175 to 300°C. At 
higher temperatures, the selectivity was lost, and nucleation was independent of substrate material because of a thermal 
decomposition of the precursor 



Introduction 

It is expected that copper will replace aluminum and 
aluminum-based alloys as interconnect material in future 
advanced ultralarge scale integration (ULSI).' However, 
the lack of a suitable low-temperature route for copper 
deposition, the difficulty of etching the material, and the 
reactivity of copper with other components of the device 
are problems which have to be solved before this can 
become a reality. 

The use of the copper(I) P-ketonates as precursors in 
chemical vapor deposition (CVD) has made copper deposi- 
tion at temperatures below 200°C possible""' while the use 
of the copper(II) p-diketonates typically requires higher 
processing temperatures.""" To prevent the reaction of 
copper with other components of the device, diffusion bar- 
riers are a requirement even when low-temperature 
processes are utilized. This barrier should also promote 
adhesion of copper as this is known to be poor on many of 
the materials used in integrated circuits (ICs).'- Moreover, 
in order to reduce the number of process steps the barrier 
material should provide conditions for area-selective 
deposition. 

Selective deposition of copper on metals vs. insulators 
and dielectric materials has been reported previously for 
CVD films prepared from metallorganic precursors." 
Among the copper(II) p-diketonates, i.e., the precursors of 
interest in atomic layer epitaxy (ALE), copper(II) 
l,l,l,5,5,5-hexafluoro-2,4-pentanedionate, Cu(hfac)^., has 
been the most extensively studied. (The reason that Cu(I) 
P-ketonates cannot be used in ALE is that they undergo a 
disproportionation on the substrate surface, resulting in a 
loss of the self-limitation of the process.) It has also been 
reported that copper can be deposited selectively on met- 
als using this precursor" ' As Cu(hfac)2 readily absorbs 
water and often exists as the hydrated form, studies have 
been carried out to clarify the influence of added water to 
the reaction gas mixture. The results of these studies have, 
however, been somewhat contradictory. While some 
authors have reported a loss of selectivity upon water 
addition, others have found that selectivity is not affect- 
ed.'" In this context, Cu(II)-2,2,6,6-tetramethyl-3,5-hep- 
tandionate, Cu(thd),, is interesting due to the fact that the 
veiy bulky ligands prevent the molecule from absorbing 
water, and Cu(thd):, is therefore stable for long periods of 
time even in an ambient atmosphere. As far as the authors 
know the selective deposition of copper, using this precur- 
sor, has not previously been reported. 

ALE, introduced by Suntola and co-workers in 1977,'" is 
a technique which has proven to be well suited for the 
deposition of high quality thin films over large substrate 
areas.-" A variety of materials have been fabricated by 
ALE. and, especially the II- VI -' " and III-V compounds,"^ 
as well as many of the transition metal oxides,-' have 
earned great attention. 

Thanks to its excellent throwing power, ALE can be 
used for thin film deposition on very complicated shaped 
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substrates and even on powders. This is a unique feature 
of the ALE process and can be exemplified by the deposi- 
tion of mixed oxides on high surface area powders.-" 

ALE is also suitable for in situ studies of the deposition 
process due to the separation of the reaction steps. For 
instance, reports have been published on the use of quartz 
crystal microbalance (QCM),-' incremental dielectric 
reflection, IDR,-" reflection high-energy electron diffrac- 
tion (RHEED),'"'"' and low energy ion scattering (LEIS)" 
for monitoring of the adsorption and reaction of the pre- 
cursor molecules on the substrate surface. 

Finally, typical process temperatures are lower in ALE 
than in corresponding CVD processes. An important 
example in this context is the deposition of TiN. The 
TiClj/NH;, process typically demands deposition tempera- 
tures close to 700°C to get chlorine-free films with CVD 
while this has been achieved already at 500°C "' by ALE. 

In this paper we report on area-selective and nonselec- 
tive copper deposition by ALE using Cu(thd)2 as the cop- 
per precursor and H, as the reducing agent. 

Experimental 

Thin copper films were deposited on 25 x 25 mm soda- 
lime glass substrates with a seed layer consisting of a mix- 
ture of platinum and palladium. This seed layer was pro- 
duced by sputtering and was typically only a few 
angstroms thick. Prior to the sputtering, the glass slides 
were washed in ethanol and boiling acetone and finally 
blown dry in a nitrogen flow. The patterned substrates 
were prepared by masking a glass substrate with either 
ordinai-y adhesive tape or by a photoresist prior to the 
sputtering of the seed layer For selectivity studies, tanta- 
lum, iron, titanium nitride, nickel, and indium-tin oxide 
(ITO) were also used as substrates. These substrates are all 
metallic but also known to form surface oxides upon expo- 
sure to air They were, in spite of this, used without any 
hydrogen preclean as the effects of such a treatment could 
not be studied without exposing the sample to the ambient 
atmosphere. All substrates were blown clean with nitrogen 
or air prior to the experiment. 

The experiments were carried out in a three-zone hot 
wall ALE reactor built at the department (Fig. 1). Cu(thd)2, 
(Strem Chemicals, claimed purity 99%) was used as the 
precursor without further purification and hydrogen 
(AGA, claimed purity 99.9995%) was used as the reducing 
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Fig. 1 . The ALE setup. 
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agent. Nitrogen (AGA, claimed purity 99.9999%) was used 
as the carrier gas. The experiments were performed at a 
total pressure of 5 to 10 Torr and the deposition tempera- 
ture was varied between 150 and 350°C. The evaporation 
temperature of the precursor was always 120°C. 

The elemental composition of the films was determined 
by X-ray photoelectron spectroscopy (XPS), using a 
Perkin Elmer PHI 5500 multianalysis system. Hydrogen 
concentration was determined by nuclear reaction analy- 
sis (NRA) at the tandem accelerator laboratory in Uppsala. 
A '"N beam was used to excite the 6.4 MeV resonance of 
the 'H{'^N, ctyy-Q reaction. Phase identification was per- 
formed by X-ray diffraction (XRD, Siemens D-5000 dif- 
fractometer with Cu K« radiation) with the grazing inci- 
dence method. The angle of incidence was 1° and the scan 
range was 10° < 2() < 80°. 

Film thickness was measured by X-ray fluorescence 
spectromet:-y using a Philips PW 1410 X-ray fluorescence 
spectrometer This method gives an average density of 
atoms over an area of approximately 19 mm- rather than a 
direct value of the film thickness. The film thickness 
reported here have been obtained by comparing the signal 
from the sample with a previously recorded calibration 
cui^ve. This cui^ve was obtained from standards (copper 
sputtered on glass) with well-known thicknesses. In these 
measurements the density of the deposited films was 
assumed to be the same as for the standards. 

The morphology of the copper film was studied by means 
of atomic force microscopy (AFM, Topometrix Explorer) as 
well as by scanning electron microscopy (SEM), using a 
JEOL JSM 840 scanning electron microscope. 

Film resistivity was measured by a standard four-point 
probe method and the adhesion was evaluated by means of 
the Scotch^tape test. 

Results 

Film properties. — The deposited copper films were spec- 
ular and showed strong adhesion to the substrate. X-ray 
diffraction found them to be polyci-ystalline and possess- 
ing no preferential growth direction (Fig. 2). The intensity 
ratio of the diffraction peaks corresponds well to that of a 
bulk sample. The use of a seed layer thicker than approx- 
imately 60 A led to the appearance of new peaks at just 
slightly lower 2() values than the corresponding copper 
peaks. This was attributed to the formation of Cu .Pt. This 
phase is, like copper, cubic with an a axis only slightly 
longer than that of copper (2.4%).'' 

The polycrystalline nature of the copper films was veri- 
fied in SEM and AFM studies which also showed that the 
size of the individual grains was in the range 0.1 to 0.3 (xm 
and depended on the film thickness (Fig. 3). The size of the 
grains did not vary with the deposition temperature in the 
ALE temperature window (190 to 260°C) but increased 
with increasing film thickness. The surface roughness was 
only dependent on film thickness and not on the deposi- 
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Fig. 2. X-ray diffracrion pattern of copper deposited at 250°C. 




Fig. 3. AFM micrograph showing the morphology of copper 
deposited at 230°C. 



tion temperature in this temperature window and the 
films were also homogenous over the whole substrate area. 
A minimum in surface roughness was achieved after 
approximately 200 cycles, i.e., after 70 to 80 A of copper 
had been deposited. A plausible explanation to this behav- 
ior is that the nucleation of the film did not occur homo- 
geneously across the substrate surface but rather as 
islands. Upon coalescence of the individual nuclei, the 
roughness of the film reaches a minimum. However, with 
increasing film thickness, the size of the individual grains 
increases, as does the roughness. 

Above 300°C, the morphology started to change and the 
copper films were no longer smooth and mirrorlike but 
became increasingly dull as the temperature increased. 
The thickness profile of the deposit across the substrate 
surface showed a similar temperature dependence. At 
lower temperatures, the copper was homogeneously 
deposited across the substrate surface, but as the temper- 
ature in the deposition zone increased above 300°C, a 
thickness profile was developed with the thickest film at 
the leading edge of the substrate. 

According to the XPS analysis, the copper films were 
very pure. After removal of surface contaminants by argon 
sputtering, only traces of carbon and oxygen were found. 
However, in samples which had been deposited on sub- 
strates with a seed layer thicker than approximately 60 A, 
platinum and palladium could also be detected. The con- 
centration of oxygen was very low in all samples, while the 
carbon concentration varied between samples deposited at 
similar conditions but with different cooling procedures. 
Samples which had been allowed to cool under a hydrogen 
atmosphere contained a lower concentration of carbon 
than could be detected by XPS. However, in samples 
which had been cooled under nitrogen flow the carbon 
concentration after 30 s of sputtering, varied from 12 to 
14 atom % in samples deposited below 300°C to 19 atom % 
for samples deposited at 350°C. From the NRA measure- 
ments the hydrogen concentration in the copper films was 
below 3 atom %. 

The resistivity of the films was high. A 600 A thick film 
had a resistivity of approximately 8 (ill cm, which is a fac- 
tor of five higher than that of bulk copper, and it increased 
with decreasing film thickness (Table I). This was, howev- 
er, not unexpected, as thin films are known to have higher 
resistivity than bulk materials. Since the AFM studies 
showed that the films consist of well-connected grains and 
the XPS measurements showed that the films were also 
free from carbon and oxygen contamination, the high 
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Table I. Resistivity for copper films of various thickness. 



Film thickness 

(A) 



Resistivity 
((ill cm) 



600 
540 
453 
409 



8.1 
12.5 
30.3 
41.2 



resistivity might be attributed to the film thickness rather 
than to a poor quality of the films. This conclusion is also 
supported by the findings made by Rycroft and Evans.'" 
They studied the resistivity of copper films as a function of 
film thickness and showed that even though the film was 
continuous the resistivity was still far from bulk values. 

Selectivity. — Selective deposition on the seeded sub- 
strate areas vs. the unseeded occurred at temperatures up 
to approximately 300°C, and the interface between the 
seeded and unseeded regions was sharp and distinct 
(Fig. 4). However, even though a completely covering film 
could not be observed on the unseeded areas at 350°C, a 
number of small grains appeared already above approxi- 
mately 300°C, i.e., the selectivity temperature is below 
300°C. To further investigate the mechanism of the selec- 
tivity process, tantalum, iron, nickel, titanium nitride, and 
ITO were used as substrates. We found that even though we 
used the optimum experimental growth parameters, no 
film growth could be observed on any of these substrates. 

Deposition mechanism and kinetics. — For an introduc- 
tion to ALE and the various process steps used in the dis- 
cussion that follows, see Ref. 37. 

The process was self-limited in the temperature range 
190 to 260°C (Fig. 5). The maximum deposition rate in this 
range was reached after a precursor pulse duration of 4 s 
and was approximately 0.17 monolayer/cycle (Fig. 6). In 
the experiments presented in Fig. 5, the duration of the 
precursor pulse was only 2 s. This explains the lower depo- 
sition rate. 

At temperatures below the self-limited regime, the 
deposition rate decreased abruptly, and at 150°C, almost 
no growth could be observed. Upon increasing the partial 
pressure of hydrogen as well as the duration of the hydro- 
gen pulse at 175°C, an increase in the deposition rate (in 
A/cycle) was observed (Fig. 7). Finally, because of a ther- 
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Fig. 5. Deposition rote as a funcrion of the deposition tempera- 
ture for copper deposited on platinum seeded glass substrates. 
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Fig. 6. Effect of duration of the Culthd); pulse on the copper 
deposition rate at 230°C. 



mal decomposition of the precursor, the deposition rate, as 
well as the amount of carbon contamination, increased 
when the temperature in the deposition zone was 
increased above the ALE temperature window. 
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Discussion 

In the following, the deposition mechanisms are discussed 
on the basis of the observations presented above. The find- 
ings in the high- and low-temperature regimes as well as in 
the ALE temperature window are discussed separately. 





Fig. 4. An overview image of copper deposited on a patterned 
substrate. 
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Fig. 7. Effect of hydrogen partial pressure on the deposition rote 
for copper deposited at 1 75°C. 
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Low-temperature regime (below 180°C). — The decreased 
deposition rate at lower temperatures can be explained by 
either reduced adsorption or by slow kinetics in the reduc- 
tion step. The results found on varying the reduction 
parameters, i.e., the hydrogen partial pressure and the 
duration of the hydrogen pulse, leads to the conclusion 
that it is the slow kinetics in the reduction step that caus- 
es the decreased deposition rate. Whether the rate deter- 
mining step is the dissociation of the hydrogen molecule or 
the reaction between the adsorbed ligands and the hydro- 
gen, cannot be verified by these experiments, and is not 
further discussed here. 



ALE temperature window (190 to 260°C). — In this 
regime, the process was self-limited, and copper could be 
area-selectively deposited on platinum seeded glass vs. all 
other substrate materials used in this study. The self-limi- 
tation of the process shows that the precursor is stable 
enough to avoid decomposition in this temperature range 
but the fact that film growth occurs shows that the kinet- 
ics is fast enough to allow film growth at an acceptable 
rate on metallic areas. 

Even though the self-limitation can be explained in 
terms of kinetics, the origin of the selectivity is more diffi- 
cult to understand. There are, however, two clearly distin- 
guishable processes that might account for this, (i) The 
Cu(thd)2 molecule cannot adsorb properly due to lack of 
available adsorption sites, (ii) The molecule adsorbs but 
the ligand.s cannot be removed during the reduction step 
and the process terminates after that one monolayer of 
Cu(thd)2 has been adsorbed. 

As the metallic substrates used in this study (Ta, Fe, 
TiN, Ni, and ITO) are known to form surface oxides upon 
exposure to air, and surface oxides are normally terminat- 
ed by hydroxyl groups, the first of these two possibilities 
can be ruled out from the findings by Haukka et al.^'' They 
have shown that molecules of the type M"*(thd)„ adsorb 
readily on hydroxyl-terminated oxide surfaces. 

The other possibihty, i.e., that the ligands cannot be 
removed during the reduction step, is strongly supported 
by Cohen et al.™ They suggest that copper deposition from 
Cu(hfac)2, a compound in the same family as Cu(thd)2, 
occurs via the dissociation of the Cu{hfac)2 molecule on the 
surface of the substrate. During this step one or both of 
the ligands are lost as copper is partially reduced through 
electron transfer from the substrate. Finally, a reaction 
intermediate is formed as well as free hfac ligands which 
occupy adjacent adsorption sites. (The state of the 
Cu(hfac)2 molecule and the bonding between the ligands 
and the surface/copper atom was not unambiguously 
determined in the referred to investigation.) The hfac lig- 
ands can only be removed by the addition of an external 
reducing agent or as an intact Cu(hfac)2 molecule. No cop- 
per will be deposited if the latter process occurs and the 
use of an external reducing agent will therefore be needed 
for film growth. Moreover, Cohen et al. claim that for the 
initial activation of the process, i.e., the reduction of the 
copper atom and the loss of one (or perhaps both) of the 
ligands, "the presence of electron rich metallic substrates 
appears to be extremely important." Our findings are in 
good agreement with this statement. Hence, the reason 
that copper cannot be deposited on insulators and oxi- 
dized metals by this process is that the electrons in the 
substrate are not available for the adsorbed precursor 
molecules, and this lack of "activation" terminates the 
process. 

However, there remain at least two alternative explana- 
tions to why electrons cannot be transferred to the mole- 
cule. Either the electron transport is hindered by a thick 
and insulating surface oxide, or by a strong and localized 
Osurface-Cu bond. From the deposition experiments where 
Ta, TiN, Fe, and Ni were used as substrates, no unambigu- 
ous conclusions could be found on the origin of the selec- 
tivity because these substrates are all covered by a 
hydroxyl-terminated surface oxide of unknown thickness. 



The fact that copper could not be deposited on ITO gave 
an interesting clue to the selectivity of this process. 
Because ITO is metallic, there are free electrons which are 
available for the activation of the Cu(thd)2 molecule dur- 
ing the adsorption step. (This was, according to Cohen et 
al.,''* one of the main requirements for film growth when 
Cu(hfac)2 was used as precursor) Furthermore, because 
ITO is an oxide, the surface atoms are not expected to be 
affected by exposure to air, and the surface conductivity 
should, thus, be close to that of the bulk material. Being an 
oxide, ITO is also assumed to be terminated by hydroxyl 
groups. It was assumed that if copper could be grown on 
ITO, the origin of the selectivity would be the availability 
of free electrons in the substrate, i.e., that the surface 
oxide on Ta, Fe, Ni, and TiN would be thick enough to be 
an effective insulator. However, if film growth did not 
occur on ITO, the main reason for the selectivity would, 
thus, be found in the bonding between the oxygen of the 
hydroxyl group and the copper atom. 

From the fact that no growth was observed on ITO, 
comes the conclusion that the lack of film growth on 
oxides and oxidized metal surfaces is not caused by the 
presence of a surface oxide, but that the surface is hydrox- 
yl terminated. This gives a strong Os„rfjee-Cu bond through 
which electrons cannot be transferred. 

This conclusion is further supported by Haukka et al."' 
They suggest that upon adsorption of a M"*(thd)„ molecule 
on a hydroxyl-terminated surface, the molecule dissoci- 
ates and loses one or several, but never all its ligands. The 
dissociated ligands then form volatile H(thd) molecules 
through proton transfer from the OH-groups on the sub- 
strate surface to which the molecule binds. To remove the 
remaining ligands from the metal atom, Haukka et al. 
added air or water vapor for several hours with a subse- 
quent increase in the temperature in the reaction chamber 
This treatment left the surface in a state where the formed 
metal oxide surface was covered with -OH groups. 
However, the temperature used during this step, 450°C, is 
high enough to thermally decompose the ligands so that 
the reaction products are likely not only H(thd) molecules 
but also molecules with shorter hydrocarbon chains as 
well as COj and HjO. In the experiments presented in this 
paper, where a much lower deposition temperature is used, 
this decomposition does not occur at a significant rate, and 
the surface will remain occupied by precursor molecules. 

The adsorption of Cu(thd)2 on hydroxyl terminated sur- 
faces has also been studied by Sekine et al.^' " Contrary to 
the findings by Haukka and co-workers, they suggest that 
the molecule is intact under adsorption and binds to two 
hydroxyl groups. These hydroxyl groups lose their hydro- 
gen atoms which are then transferred to the same carbon 
atom as suggested by Haukka et al. (see Fig. 8). However, 
as their investigation was not complete, no unambiguous 
model for the bonding between the surface hydroxyl 
groups and the adsorbed molecule was proposed. 
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Fig. 8. Proposed reaction mechanism for the deposition of cop- 
per on hydroxyl-terminated surfaces. 
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Our conclusions are also supported by the findings by 
Becht et al.' They found that copper could be grown on 
quartz substrates in the temperature range 350 to 750°C in 
a pure hydrogen atmosphere, whereas no film growth was 
observed at deposition temperatures below 350°C. 
Following the results in our experiments, their observa- 
tions can be explained by a thermal decomposition of the 
precursor on the substrate surface at higher temperatures. 
At lower temperatures, however, the surface species are 
stable enough to avoid decomposition and, hence, film 
growth cannot occur. 

High-temperature regime (above 275"C). — The increased 
deposition rate at higher processing temperatures can, as 
mentioned above, be explained by the thermal decomposi- 
tion of the precursor during the adsorption step. The dis- 
sociation of the precursor and the subsequent desorption 
of the more or less decomposed ligands renders new 
adsorption sites and the self-limitation of the process is 
lost. As the ligands decompose, some carbon and oxygen 
are also incorporated into the growing film. The deposi- 
tion rate in this process is dependent on the supply of pre- 
cursor rather than the kinetics in the reduction step, and 
the ALE -type growth is replaced by continuous growth. 
As a consequence of this decomposition, a thickness pro- 
file of the deposit across the substrate surface is devel- 
oped. The thickest film was found at the leading edge of 
the substrate and a thinner film at the far end, which was 
due to gas-phase depletion. 

The selectivity of the process was also partially lost in 
this temperature regime. The coincidence of the loss of 
selectivity with the increase in contamination content 
makes it tempting to relate the two observations to the 
same process, i.e., to the thermal decomposition of the pre- 
cursor on the substrate surface and a subsequent nucle- 
ation of copper. 

These findings are also in accordance with those of 
Hanoka et al." who studied the stability of the Cu(thd)2 
molecule both in the gas phase above a heated substrate 
and on a substrate surface under CVD conditions. They 
found that Cu(thd)2 is stable in the gas phase above a sub- 
strate heated to 500°C, but decomposes at higher temper- 
atures. They reported later that the amount oi carbon in a 
deposited film increased slowly above 300°C and more 
rapidly above 500°C.''^ This was explained by the fact that 
the precursor decomposes only on the substrate surface at 
lower temperatures while the decomposition occurs also in 
the gas phase above 500°C. 

Tobaly and Lanchec*^ observed that the Cu(thd)2 mole- 
cule decomposes at 160°C under equilibrium conditions in 
a closed evacuated glass cell, although the specification 
from Strem states that the decomposition occurs at the 
boiling point, i.e., at 315°C, and that melting occurs at 
198°C. This investigation has shown that decomposition is 
slow at temperatures below 300°C, explaining the low con- 
tamination content. At higher temperatrures, the decompo- 
sition is faster and consequently the carbon contamination 
increases unless hydrogen is supphed during the cooling- 
down sequence. 

Conclusions 

Area-selective deposition of copper on platinum/palla- 
dium seeded substrates vs. unseeded glass and oxidized 
metal substrates at temperatures below approximately 
300°C has been reported. The process was self-limited in 
the temperature range 190 to 260°C in which the maxi- 
mum deposition rate was approximately 0.17 monolayers 
per cycle. The temperatures used in this study are 100 to 
150°C lower than those previously reported for this pre- 
cursor when CVD has been employed. 

The underlying mechanisms for film growth and selec- 
tivity are complicated. It is concluded, however, that the 
mam requirement for film growth at the low temperatures 
used in this process is that the molecule should be able to 
dissociate on the substrate surface. At substrate surfaces, 
where this dissociation cannot occur, i.e., on hydroxyl ter- 
minated oxides and oxidized metal surfaces, film growth 




Fig. 9. Proposed reaction mechanism for the deposition of cop- 
per on pure metals. 



is not observed. The proposed mechanisms, explaining the 
different reaction steps in copper deposition on different 
substrate materials, are summarized in Fig. 8 and 9. Upon 
adsorption of Cu(thd), on a hydroxyl terminated surface, 
the copper atom replaces the hydrogen of the hydroxyl 
group, and a bond is formed between the copper and the 
oxygen atom. The hydrogen is transferred to one of the lig- 
ands (Fig. 8a), which is then removed as a volatile H(thd) 
molecule. The second ligand cannot be removed at the 
temperatures used in this study, and a blocking of the sur- 
face sites is obtained (Fig. 8b). The deposition process will 
then cease after the adsorption of one monolayer of 
Cu(thd)2. At metal surfaces, however, (Fig. 9a-d) the disso- 
ciation of the Cu(thd)2 molecule is more complete due to 
the electron transfer from the substrate to the adsorbed 
molecule (The ligand-surface bonding presented in Fig. 9c 
and d should not be accepted as "true" but more as a 
schematic.) Upon hydrogen adsorption, electrons are sup- 
plied to the substrate and the ligands can be completely 
removed as H(thd) through reaction with the adsorbed 
hydrogen. 
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ABSTRACT 

A systematic study has been performed on the production of V-grooves in (100) InP substrates by wet chemical etch- 
ing. The dissolution process and its dependence on etchant, etch mask, and its accuracy of alignment relative to the [Oil] 
or [Oil] directions has been analyzed. Consequently, the conditions necessary to achieve V-grooves having (lll)A, (lll)B, 
and (2 11) A sidewalls has been established. 



Introduction 

InP-based devices are playing important roles in optical 
telecommunication, microwave, high-speed digital, and 
analog applications; however, the technology is relatively 
immature compared to that of GaAs. Chemical etching is 
an essential step in device processing and needs to be well 
understood and controlled in order that features of well- 
defined geometry can be fabricated. Recently there has 
been interest in the possibility of producing quantum wire 
(QWR) lasers using epitaxial growth on V-groove etched 
substrates.'"^ Here the morphology and geometry of groove 
profiles critically affects the final growth of quantum 
structures. 

V-groove etching, as a specific example of preferential 
etching, is attributed to crystallographic structure: in par- 
ticular, if the etching is not diffusion-controlled it depends 
on the configuration of surface atoms and the bond struc- 
ture.* It is those crystal planes with slowest etch rate that 
determine the etch profile. Most commonly, V-grooves 
etched into III-V semiconductors have (lll)A, (lll)B, or 
(2 11) A sidewalls.'"' Both wet chemical etching^"" and dry 
chemical etching'""'^ can be used to make V-grooves. Until 
now almost all V-grooves used for QWR fabrication have 



been obtained with wet chemical etching, which is simple, 
flexible, and less equipment demanding than dry etching. 
Recently PCI3 gas has been used to etch InP in a molecular 
beam epitaxy (MBE) chamber, and channels containing 
(Oil), (lll)A, and (lll)B facets, and V-shape-like grooves, 
have been produced. However, a close examination of the 
sharpness of the groove bottom has not been reported.'"" 
Preferential wet etching of III-V compounds, including 
InP, has been studied for many years. '^ ''' '^"^^ However, little 
work has been reported on etching to produce sharp 
V-grooves with smooth sidewalls as required for QWR fab- 
rication.^"''^ Huo et al.""' studied groove profiles etched on 
InP using HCl-based solutions and Wang et al.' reported the 
effect of native oxide on mask undercutting of V-grooves, 
but no detailed information has been provided on the 
sharpness or the profiles at the bottoms of the V-grooves. 
Recently, Kappelt and Bimberg'* reported (lll)A V-grooves 
with sharp bottoms and smooth sidewalls using a three- 
step etching process. In this work we report on etching 
experiments using different etchants, and mask materials 
for grooves aligned [Oil] and [Oil], as well as having dif- 
ferent degrees of mask misalignment relative to the [Oil] or 
[Oil] directions. Also, the etching processes and their de- 
pendence on surface orientation are analyzed. Based on 
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